Spot friction stir welding (FSW) shows a great potential to replace resistance electric spot welding for industrial applications. However, the wear of the tool is serious and the welding efficiency is low when spot FSW of thick steel plates is performed. In this study, the spot FSW of low carbon steel plates with thickness of 1.6 mm was carried out with preheating by high frequency induction. It was found that the applied load and rotation speed can be significantly decreased to obtain sound welds when the preheating was adopted. The welds showed a high failure load and fractured through the plug mode. The microstructure and mechanical properties of the welds with and without preheating were investigated.
INTRODUCTION
Spot friction stir welding (FSW) shows a great potential to replace resistance electric spot welding for industrial applications. However, the wear of the tool is serious and the welding efficiency is low when spot FSW of thick steel plates is performed. In this study, the spot FSW of low carbon steel plates with thickness of 1.6 mm was carried out with preheating by high frequency induction. It was found that the applied load and rotation speed can be significantly decreased to obtain sound welds when the preheating was adopted. The welds showed a high failure load and fractured through the plug mode. The microstructure and mechanical properties of the welds with and without preheating were investigated.
EXPERIMENTAL PROCEDURE
In this study, as-received S12C steel plates with the dimensions of 100 l ×30 w ×1.6 t mm 3 were used for the spot FSW process. The overlap area was 30×30 mm 2 . The rotating tools used in this study were made of a WC-Co super-hard alloy and had a shoulder diameter of 12 mm and a probe with a 4 mm diameter and a 1 mm length. Fig. 1 shows photos of the spot FSW process preheated by a high frequency induction coil. As shown in Fig. 1(a) , the coil of the high frequency system was first placed about 5 mm above the spot welding area in order to preheat the work-piece before the spot FSW process. The preheating time was selected as 5 and 10 seconds for each welding condition. After preheating, the coil was retracted immediately and at the same time, the rotating tool was moved to the welding area to start the spot FSW process as shown in Fig. 1 (b). The welding conditions were 2500kg, 800rpm and 2 sec. After welding, the microstructure and mechanical properties of the spot welds were characterized.
Fig. 1 (a) Preheating by high frequency; (b) spot FSW process after retraction of the coil

EXPERIMENTAL RESULTS
After the spot welding process, the appearance of the welds with and without preheating are very similar except that the welds with preheating showed a slightly larger black area on the surface, which was caused by the oxidation of the surface impurities at high temperature. Fig. 2 shows the effect of the preheating on the cross-sectional microstructure of the spot welds. The area size of the stir zone does not show much difference among the samples with and without high preheating. In addition, an EBSD analysis showed that the average grain sizes in the stir zone of all the welds are about 14.7 m, which are almost equal to each other no matter whether the preheating was used or not. Since the welding conditions for all the samples are the same, the microstructural evolution in the stir zone is thus only due to the plastic deformation caused by the stirring of the rotating tool and subsequent dynamic recrystallization. However, the thermomechanically affected zone (TMAZ) of the welds with preheating is much larger than that without preheating. It was postulated that the preheating softened the sample and therefore decreased the deformation resistance. During the subsequent spot FSW process, the material in a larger area outside the SZ can be shear deformed, which formed a larger TMAZ. The thickness of the welds beneath the keyhole was also affected by the preheating, as indicated in Fig. 2(a) . With preheating, the material in the welding area was significantly softened and the rotating tool can therefore penetrate more deeply into the lower steel plate. As a result, the thickness of the plate beneath the rotating tools decreased. For example, the thickness of welded area beneath the keyhole is about 0.87 mm without preheating. However, the thickness decreased to 0.67 mm with 5 second preheating and to 0.64 mm with 10 second preheating.
(a) (b) Fig. 2 
(a) OM ; (b) SEM images showing the effect of high preheating on the formation of joint interface
It is worth noting that the preheating also affects the formation of the joint interface between the upper and lower plates. As for the normal spot FSW without preheating, the joint interface goes downward in the area close to the keyhole. However, the welds with preheating show a joint interface going upward in the area close to the keyhole. Fig. 2 (b) shows the joint interface microstructure at high magnification. Without preheating, the joint interface is identified by the distribution of impurities, which may deteriorate the bonding strength between the two plates. However, local melting may occur along the joint interface with preheating, which can be confirmed by the droplet along the joint interface. Fig. 3 shows the effect of the high frequency preheating on the shear tensile load of the welds. The welds without preheating have a low failure load of 8 kN and fracture through interfacial mode when welded at 2500kg, 800rpm and 2sec. However, the failure load significantly increased to 11 kN and 12 kN with the 5 and 10 second preheating, respectively. The welds with preheating for 10 seconds fracture through the plug mode. For comparison, in order to obtain sound welds without preheating which fractured through the plug mode at a similar failure load, the applied load and rotation speed need to increase to 3500kg and 1000rpm, respectively. CONCLUSIONS Sound spot welds can be obtained at a relatively low applied load and rotation speed when preheating was adopted. The welds show a high failure load of about 12 kN and fracture through the plug mode.
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